Despite structural knowledge of broadly neutralizing monoclonal antibodies (NMAbs) complexed to HIV-1 gp120 and gp41 envelope glycoproteins, virus inactivation mechanisms have been difficult to prove, in part because neutralization assays are complex and were previously not understood. Concordant with recent evidence that HIV-1 titers are determined by a race between entry of cell-attached virions and competing inactivation processes, we show that NMAb 2G12, which binds to gp120 N-glycans with α (1, 2)-linked mannose termini and inhibits replication after passive transfer into patients, neutralizes by slowing entry of adsorbed virions. Accordingly, apparent neutralization is attenuated when a kinetically competing virus inactivation pathway is blocked. Moreover, removing 2G12 from media causes its dissociation from virions coupled to accelerated entry and restored infectivity, demonstrating the reversibility of neutralization. A difference between 2G12 dissociation and infectivity recovery rates implies that the inhibited complexes at virus-cell junctions contain several 2G12's that must dissociate before entry commences. Quantitative microscopy of 2G12 binding and dissociation from single virions and studies using a split CCR5 coreceptor suggest that 2G12 competitively inhibits interactions between gp120's V3 loop and the tyrosine sulfate-containing CCR5 amino terminus, thereby reducing assembly of complexes that catalyze entry. These results reveal a unique reversible kinetic mechanism for neutralization by an antibody that binds near a critical V3 region in the glycan shield of gp120.
F ew monoclonal antibodies broadly neutralize diverse HIV-1 isolates (NMAbs), and these have been extensively studied because they reveal conserved vulnerabilities in the viral envelope glycoproteins gp120 and gp41 (1, 2) . Consequently, many previous studies used genetic and structural approaches to identify NMAb target epitopes and to enhance their presentations in vaccines (1, 3, 4) . Although those investigations provided critical evidence about HIV-1 entry and about epitope shielding by glycans, variable loops, and conformational masking, neutralization mechanism(s) have been difficult to prove. For example, several NMAbs alter conformations of purified gp120 and/or inhibit its interactions with CD4 or coreceptors (5, 6 ), but it is unclear how or whether those effects contribute to neutralization. Indeed, it has been proposed that neutralization might ultimately require secondary processes such as NAb crosslinking, prevention of adsorption, or gp120 shedding (7) (8) (9) (10) . A central cause for uncertainty occurs because the infectivity assays required to identify and analyze neutralization have been poorly understood and give discrepant results using identical HIV-1s and NAbs (11) (12) (13) . Consequently, it has become evident that elucidation of NMAb mechanisms requires improved understanding of the factors that influence infectivity assays (11) (12) (13) .
HIV-1 envelope glycoproteins are trimers containing gp120 surface subunits that bind to CD4 and then to a coreceptor (usually CCR5 or CXCR4) and a gp41 transmembrane subunit that has a metastable conformation in native virions (14, 15) . After CD4 binding, V3 loop regions of gp120 reduce their constraining hold on gp41 and move toward the trimer apex where they interact with coreceptors, thereby playing a pivotal role in controlling HIV-1 entry rates (16) (17) (18) (19) . These and additional conformational changes in gp120 enable gp41 to refold by a multistep process that fuses the viral and cellular membranes. The cell surface complexes that mediate membrane fusion (fusion complexes, FCs) are believed to contain several gp120-gp41 trimers, CD4s, and coreceptors ( Fig. S1 and SI Discussion).
The most widely used neutralization assay, which has been recommended as a worldwide standard (13) and detects NAbs that contribute to host-virus coevolution in vivo (3, 20) , uses TZM-bl(JC.53) cells that were derived from our HeLa-CD4/ CCR5 cell clone JC.53 (21) by transfection with LTR-luciferase and LTR-β-galactosidase reporter plasmids (22) . These reporters provide a facile means to monitor infections but have no effect on efficiencies of infection by diverse HIV-1 isolates or sensitivities to NAbs (23) . This standard assay is done in the presence of DEAE-dextran, a polycation that increases virion adsorption and enhances HIV-1 titers ∼20-fold (20, 22, 24) . We prefer to stain and count infected foci in JC.53 cultures using antibodies to HIV-1, which allows us to compare titers in cell clones having distinct amounts of wild-type or mutant CD4 and/or CCR5 (18, 21, 25) . This provides information about entry inhibitor mechanisms and factors that limit entry of diverse HIV-1 isolates.
By systematically analyzing this assay system we found that HIV-1 infectivities depend on kinetics of adsorbed virion entry (24, 25) . Many factors that reduce titers including limiting CD4 and/or coreceptor concentrations or using mutant coreceptors or coreceptor antagonists slow entry (25) . Conversely, adaptive mutations centered in the V3 region of gp120 overcome these limitations and accelerate entry (18, 25) . Recently, we found that the enhancement of titers caused by pretreating cultures with polycations results from the stabilization of virion adsorption, thus preventing a previously unknown competing process of rapid desorption and providing a longer opportunity for infection (24) . These analyses demonstrate that titers in JC.53 cultures are limited by kinetic competition between entry and processes causing virus inactivation. Similar lines of evidence including the critical importance of V3, infectivity increases caused by adherence factors (26, 27) , and inhibitions by coreceptor antagonists that slow entry, suggest that kinetic competition also limits HIV-1 replication in peripheral blood mononuclear cells (PBMCs) and other cultures. Incorporation of adhesion factors such as ICAM-1 into HIV-1 virions reduces neutralization by some NAbs in PBMC assays (28) . On the basis of this evidence, we tested the possibility that NAbs might function by slowing HIV-1 entry. We initially used NMAb 2G12, which binds to N-glycans with α (1, 2)-linked mannose termini at positions N295, N332, and N392 near the V3 loop in the "glycan shield" region of gp120 (1, 29, 30) , because 2G12 strongly inhibits HIV-1 and SHIV in vivo (1, 31, 32) . We report that 2G12 functions by this kinetic mechanism. Although another NMAb (b12) functions differently, kinetic competition also limits its potency.
Results
2G12 and Other Tested NAbs Neutralize Cell-Attached Virions. It was reported that many NAbs including b12 and 2G12 neutralize by inhibiting HIV-1 adsorption (7, 10), a complex process that is influenced by many cell surface components other than CD4 and coreceptors (27) . Those studies incubated HIV-1 with cells at 37°C for 30-120 min before rinsing the cells extensively. However, we recently found that nearly all virions that adsorb onto cells in those assay conditions dissociate within ∼30 min (24), before CD4-and coreceptor-dependent entry steps induce gp41 conformational changes that stably anchor the virions (14) . Consequently, the previous results could have been caused indirectly by inhibiting these entry steps, thereby enabling more dissociation. To test that possibility, we stabilized adsorption by pretreating cultures with DEAE-dextran before incubating with culture media containing HIV-1 JRCSF for 30 min at 37°C and then counting virions (24) . Control virions and virions that were preincubated with 2G12 for 60 min at 37°C bound equally onto cells (Table 1) . Moreover, 2G12 efficiently neutralized the stably adsorbed virions, indicating that it inhibits a postadsorption process. Similar results occurred with b12, 2F5, and a pooled patient IgG that neutralized HIV-1 SF162 (Table 1) . When polycations were absent, control and 2G12-containing virions also adsorbed equally, implying that 2G12 did not alter the competing attachment or dissociation rates in those conditions (Table 1) .
Immunofluorescence microscopy confirmed that 2G12 bound extensively onto cell-free HIV-1 JRCSF at 37°C (Fig. 1A) . The preincubated virions were spinoculated onto DEAE-dextrancoated coverslips before fixation and immunostaining for p24 Gag and 2G12. Numbers of p24-containing fluorescent foci/μm 2 were unaffected by 2G12 (20 ± 1.6 and 19 ± 1.0 virions/400 μm 2 ± 2G12, respectively), suggesting that 2G12 had not caused crosslinking. Quantitative analyses of fluorescent intensities indicated that 2G12 bound rapidly and in diverse quantities onto HIV-1 ( Fig. 1 B and C), confirming that virions contain different amounts of gp120 (33) . Amounts of p24 per virion were more uniform (Fig. 1D ).
2G12 Neutralizes by Slowing Entry.
To analyze entry kinetics, we spinoculated HIV-1 JRCSF at 4°C onto cultures containing polycations, and after removing unadsorbed virions we warmed cultures to 37°C. Entry was terminated at different times by adding an excess of the CCR5 antagonist TAK779. As reported previously (24) , control virions entered in two phases, with a small burst within 1-2 h and the majority entering at a slower sustained rate for ∼20 h ( Fig. 2A) . When polycations are absent, slow virions nearly all dissociate and entry consequently appears to approach completion within ∼2 h (24) . Thus, by stabilizing adsorption, we more accurately analyze entry kinetics of the entire virion cohort. Importantly, virions preincubated at 37°C with 2G12 for 1 h before spinoculation commence entry only after a ∼40-to 50-min lag and their ensuing entry is also slowed compared with control virions ( Fig. 2A) . Identical slowing occurred with HIV-1 SF162 (Fig. S2 ). Although 2G12 has no effect on numbers of adsorbed virions (Table 1) , it reduces their rate and efficiency of entry.
Long lags preceding entry followed by slowed steady-state entry rates occur whenever assembly of fusion-competent virus-CD4-CCR5 complexes is inhibited, for example by lowering functional CCR5 concentrations with partially inhibiting concentrations of TAK779 (Fig. 2B) or by using cells expressing CCR5(G163R), which has a reduced affinity for gp120-CD4 complexes (34) (Fig. 2C) or cells with low CCR5 concentrations (Fig. 2D) . These similarities suggest that 2G12 inhibits assembly and lowers the steady-state concentration of FCs. Consistent with this interpretation and evidence that FCs mediate gp41 refolding (18, 25, 35) , 2G12 and these other factors increase enfuvirtide (T-20) sensitivities (Fig. 2 E-H) , suggesting that they HIV-1 JRCSF was incubated in culture media in the presence (+) or absence (−) of NMAbs 2G12 (100 μg/mL), b12 (15 μg/mL), or 2F5 (100 μg/mL) for 1 h at 37°C before adding onto JC.53 cultures and incubating an additional 30 min at 37°C, after which cell-attached virions were fixed, permeabilized, and stained for Gag p24. The HIV-IG pool (50 μg/mL) from chronically infected patients was assayed identically using HIV-1 SF162 , which is efficiently neutralized by that antibody. The results for each NAb were obtained in independently performed experiments. (A) Virions incubated ± 50 μg/mL 2G12 for 1 h at 37°C, were spinoculated onto DEAEdextran coated coverslips, fixed, permeabilized, and then immunostained for Gag p24 and 2G12. Gag p24 was visualized using an anti-p24 MAb followed by goat antimouse Alexa-594, whereas 2G12 binding was detected using goat antihuman Alexa-488. (Scale bar, 5 μm.) (B) Kinetics of 2G12 virion binding. HIV-1 samples bound onto coverslips were incubated with 50 μg/mL 2G12 for different times at 37°C, fixed, and stained for 2G12. Fluorescence intensities were averaged from at least 500 virions per time point. Error bars ± SEM. (C) Virion distributions of 2G12 and (D) Gag p24 quantities were generated using the binning function in Kaleidagraph.
prolong the cell surface lifetime of the T-20-susceptible gp41 conformational intermediate (SI Discussion).
Apparent neutralization by 2G12 is ∼10 times greater in the absence of polycations than in their presence (Fig. 2I) . Other factors that slow entry including TAK779 are similarly less inhibiting when virions are stably adsorbed and have a longer time to infect (Fig. 2J) (24) . Moreover, neither 2G12 (Table 1) nor TAK779 alter rates of HIV-1 adsorption or desorption in JC.53 cultures. By eliminating the kinetically competing process of virus dissociation, polycations enable slowed virions to infect more efficiently (24) , suggesting that slowing entry is responsible for 2G12 neutralization.
2G12 Binds and Neutralizes Reversibly. The fact that virions preincubated with 2G12 for 1 h enter JC.53 cells after a long lag, whereas control virions begin entry immediately after cultures are warmed to 37°C, suggests that the 2G12-containing virions were all inhibited at the beginning of the kinetic assay (Fig. 2) . However, in agreement with recent independent results (9), when 2G12 was removed from media at the onset of warming, neutralization was eliminated (Fig. 3A) . Accordingly, virions preincubated with 2G12 for 1 h before spinoculating onto cells and warming to 37°C entered cells slowly after a lag when the 2G12 concentration was maintained (Fig. 3B) . In contrast, replacing 2G12-containing medium with control medium at the onset of warming greatly shortened the lag phase and induced accelerated entry and recovered infectivity. By 20 h postwarming, the titers in 2G12 and control cultures were not significantly different. Similar results occurred when 2G12 was removed after cultures had been at 37°C for 1 h (Fig. 3B) and when virions were preincubated with 2G12 for 16 h before adsorbing onto cells (Fig. 3C) . That 2G12 rapidly dissociates following its removal from media was confirmed by immunofluorescence microscopy (Fig. 3D) and by analyzing virion fluorescent intensities (Fig. 3E) . These results substantiate the close relationship between 2G12 binding, neutralization, and entry slowdown.
Importantly, when 2G12 is removed from media, its dissociation begins immediately with first order kinetics (e.g., Fig. 3E ), whereas infectivity recovers more slowly (Fig. 3 B and C) . This delay is not caused by a slow rate of FC formation after 2G12 has dissociated, because entry begins rapidly in control JC.53 cultures (Figs. 2 and 3) . We infer that the inhibited complexes at the virus-cell junctions contain several 2G12s that must dissociate before entry begins.
2G12 Inhibits CD4 and CCR5 Binding and Blocks a CoreceptorDependent
Step in Entry. To learn how 2G12 inhibits FC assembly, we used HeLa-CD4/CCR5(Δ18) cells containing an amino terminally deleted coreceptor in conjunction with the adapted virus HIV-1 JRCSF -Ad that efficiently infects these cells only when the tyrosine sulfate-containing amino terminal peptide Nt is present (18, 36) . 2G12 increased the Nt concentration required for entry approximately threefold (Fig. 4A) , consistent with evidence that it inhibits gp120-CCR5 interactions (6) . Moreover, 2G12 delayed entry by ∼40 min regardless of whether Nt was added at the onset of warming or was withheld until cultures had been at 37°C for 1 h (Fig. 4B) . Thus, virions cannot progress past the 2G12 blockage until CCR5 is reconstituted, demonstrating that 2G12 interferes with a coreceptor-dependent entry step.
Although 2G12 interferes with a CCR5-dependent entry step (Figs. 2E and 4B) , conceivably it could also inhibit an earlier CD4-dependent process. To examine this, we spinoculated HIV-1 JRCSF -Ad that had been preincubated for 1 h at 37°C with a highly inhibiting 2G12 concentration onto coverslips in the continuous presence of 2G12. We then added sCD4 alone or sCD4 + Nt into some of the media and subsequently measured amounts of 2G12 on the virions. This analysis relied on our evidence that 2G12 binds reversibly and inhibits assembly of FCs containing CD4 and CCR5. Consequently, we anticipated that sCD4 and/or sCD4 + Nt would reciprocally displace 2G12, as confirmed in Fig. 4C . 2G12 dissociation was not caused by gp120 shedding (Fig. 4D and Fig. S3 ).
NMab b12 Slowly Inactivates HIV-1. In striking contrast to 2G12, b12 binds HIV-1 slowly after a lag, suggestive of an avidity maturation process (Fig. 2K ) and correspondingly only slowly terminates entry of cell-attached virions after a substantial delay (Fig. 2L) . In contrast, virions that had been preincubated with the same b12 concentration for 16 h before spinoculating onto the cells were completely and irreversibly inactivated (Fig. 2M) . Discussion 2G12, which depends most critically on N-glycans with α (1, 2)-linked mannose termini at positions N295, N332, and N392 in the glycan shield of gp120 JRCSF , has an unusual "crossover" domain-swapped heavy chain organization that pulls its arms together, thereby enabling it to bind several N-glycans on single gp120s with low entropic penalty (29, 30) , consistent with our evidence that it does not cross-link virions (Fig. 1) . Using a unique single virion immunofluorescence assay, we found that 2G12 binds reversibly to virions (Fig. 3) and that 2G12 binding and FC assembly are reciprocally competitive (Fig. 4C) . According to that interpretation, 2G12 that is preadsorbed onto virions inhibits interactions with CD4 and CCR5, whereas the competitive FC assembly process that begins when JC.53 cells with adsorbed virions are warmed to 37°C displaces some 2G12 and enables entry to commence after a lag required for this competition to reach equilibrium (Figs. 2-4) . 2G12 competitively inhibits HIV-1 JRCSF interactions with both CD4 and CCR5 (Fig.  4C) , slows gp41 refolding (Fig. 2E) , and blocks a coreceptordependent entry step (Fig. 4B) .
These results are compatible with two hypotheses regarding 2G12 function. First, by holding or moving the target N-glycans, 2G12 might resist CD4 and CCR5 induced changes in their relative positions, and this allosteric constraint would reciprocally reduce CD4 and CCR5 affinities. Conversely, whenever preadsorbed 2G12 dissociated FC assembly could progress and the resulting shift in N-glycan positions would reciprocally reduce 2G12 affinity (Fig. 4C) . Consistent with this constraint model, the CDRs in 2G12 complexes with oligosaccharides are ∼35 Å apart (29) , whereas the bases of the targeted N-glycans in CD4-gp120 complexes are ∼7-24 Å apart (Fig. 4E) . Another interpretation, diagrammed in Fig. 4F , derives from the fact that N295 and N332 occur directly adjacent to the disulfide bond on opposite borders of the V3 loop. This is a critical fulcrum for gp120 function because CD4 weakens V3 constraints on gp41 (19) and induces V3 movement toward the apex of the gp120 trimer (16, 17, 19) where HIV-1 JRCSF -Ad that had been pretreated for 1 h at 37°C ± 4 μg/mL 2G12. Titers were normalized relative to maximum titers at 100 μM Nt (n = 3, error bars are ± SEM). (Inset) Nonnormalized data from a representative experiment (error bars are ± SD). (B) HIV-1 JRCSF -Ad samples preincubated ± 2G12 as above were spinoculated at 4°C onto HeLa-CD4/CCR5(Δ18) cultures that were then warmed to 37°C. Nt (100 μM) was added at 0 or 60 min after warming, and entry kinetics were measured. To analyze the 2G12-dependent lag phases, titers for initial time points were normalized relative to titers obtained after 90 min exposures to Nt, by which time the lag phases were over and entry was progressing at a steady rate. Lines (red) were extrapolated through the linear data points to the time axis to graphically estimate 2G12-dependent lag times, which were 47 min for Nt added at 0 and 39 min when Nt was withheld for 60 min. (Right Middle and Bottom) HIV-1 with bound 2G12 resists conformational changes induced by CD4 and CCR5 binding, thereby reducing affinities of these receptors for gp120. Conversely, dissociation of 2G12 increases CD4 and CCR5 affinities, which reduces 2G12 affinity. (Decreases in 2G12 affinity are represented by a pale yellow patch for CD4 binding and white for CD4/CCR5). We believe the model system depicted is in equilibrium and that CD4 and CCR5 binding are reversible. However, for simplification, we have portrayed unidirectional CD4 and CCR5 binding.
it binds to the CCR5 amino terminus (37) . By inhibiting these concerted processes, 2G12 would weaken CD4 and CCR5 affinities and retard entry. We favor this model because it relies entirely on prior evidence. Additionally, V3 mutations alter sensitivity to 2G12 (38) . Moreover, residues 295 and 332 at the V3 border are also targets for autologous NAbs in newly infected individuals (3, 39) , and terminal mannoses in glycans at N295, N301, and N332 plus nearby V3 amino acids in gp120 JRCSF interact with NMAbs PGT127 and PGT128 from elite neutralizers (2, 4) . Interestingly, these PGT NMAbs do not have domain swapped heavy chains and they apparently neutralize irreversibly by a slow process that may involve gp120 cross-linking (2) . These apparent differences between the 2G12 and PGT NMAb neutralization mechanisms are intriguing because their epitopes overlap.
These results support other evidence that titers in TZM-bl (JC.53) cells (24, 25) and probably in other cultures (26) (27) (28) are determined by a race between entry and competing processes (24, 25) . Indeed, 2G12 slows virions without inactivating them, yet it greatly reduces their titers. In contrast, b12 (Fig. 2 K-M) , PGT, and MPER NMAbs neutralize HIV-1 irreversibly by slow processes that may require Env cross-linking and/or gp120 shedding (2, 9). As verified by our kinetic analyses of b12 ( Fig. 2 L and M) , slow neutralization mechanisms leave a window of opportunity for virus escape. Whereas previous studies using passively transferred NMAbs suggest that 2G12 may be more inhibitory than MPER NMAbs in vivo (32, 40) , both b12 and 2G12 are highly protective (31, 40, 41) . Further studies will be needed to learn whether information concerning NAb neutralization mechanisms and kinetics can be used to advance the HIV-1 vaccine effort.
Materials and Methods
Methods to isolate and grow HeLa-CD4/CCR5 cells including JC.53 cells were previously described (18, 21) . The molecular clone pYK-JRCSF and HIV-1 SF162 isolate were obtained from the National Institutes of Health AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH: pYK-JRCSF from Dr. Irvin SY Chen and Dr. Yoshio Koyanagi; HIV-1 SF162 from Dr. Jay Levy. Virus stocks were prepared as described (21, 24) . Details of methods used to characterize NMAb binding to HIV-1 and kinetic effects of NMAbs on HIV-1 entry, and methods to assess reversibility of 2G12 neutralization and to identify the entry steps inhibited by 2G12 are described in SI Materials and Methods.
